A power split hybrid electric vehicle with dual planetary gear sets is studied in this paper. Firstly, the power split and circulation phenomenon are further described by analyzing a speed and torque relationship between the engine, motors and the output shaft based on the lever analogy. The transmission efficiency and the electric power ratio are then obtained. The working modes of the hybrid electric vehicle (HEV) are divided according to the system operation mechanism. On this basis, the engine optimal operating line (OOL) control strategy and the mechanical point (MP) control strategy are designed. Furthermore, a fuzzy controller is designed to realize the optimal torque distribution of the engine and the motors in the MP control strategy. Simulation results demonstrate that the MP control strategy can guarantee a higher efficiency of the transmission system, which also shows good performance in improving fuel economy of the HEV by adjusting the engine operating point.
Introduction
Hybrid electric vehicles can be divided into three categories: the series type, the parallel type and the parallel-series type. In general, the parallel-series type, which consists of planetary gear sets, can simplify the power coupling mechanism effectively because the engine speed and torque are decoupled from those of the wheels (Sheu, 2008; Andaloro et al., 2017) . The parallel-series system splits the engine power into the mechanical path and the electrical path. The engine directly transmits power to the wheels via the mechanical path, and the engine power is converted into electricity to drive the vehicle or charge the battery through the electrical path (Okamura et al., 2003) . In the power split system, the virtual forces with different degrees of freedom were studied in planetary gear sets to determine the direction of power flow. The power circulation phenomenon was also analyzed in the transmission system (Chen and Liang, 2011) . In order to improve the efficiency of the vehicle transmission system, the power flow was analyzed to obtain a relationship between the circulation power and the speed ratio (Gupta and Ramanarayanan, 2013) . In addition, different transmission ratios can be obtained by changing the motion state of the components in a single-mode power split hybrid vehicle. Different power split modes of the dynamic system can also be obtained by changing transmission ratios in a dual-mode power split hybrid vehicle (Wang, 2014b) .
To reduce fuel consumption and emission, fuzzy algorithm is used in parallel hybrid vehicles with only one motor to improve fuel economy, but the fuzzy algorithm is not used in the planetary platoon structure (Schouten et al., 2002) . However, the single-mode power split hybrid vehicle has some drawbacks in spite of some advantages. Because the one-mode power coupling device with a single planetary gear set allows only for one node point, and as the vehicle loading increases, the power flow through the powertrain moves away from this efficiency peak point (Wishart et al., 2007) . The complicated control strategy and the energy conversion of mechanical and electrical paths also decrease the transmission efficiency and hinder the improvement of engine performance (Schulz, 2004) . To overcome those drawbacks, multi-mode power split systems, which consist of two or more than two planetary gear sets integrated with clutches and/or brakes, were studied (Yu et al., 2012) . The dual-planetary hybrid powertrain has an advantage in reducing vehicle fuel consumption (Zhuang et al., 2016) . However, it also affects the efficiency of the vehicle transmission system owing to complexity of the dual-mode power split system (Wang et al., 2017) . The engine optimal operating line (OOL) control strategy is designed based on the fuzzy theory (Song, 2014) . Although the OOL control strategy is easy to be implemented and can narrow the engine operation points around the OOL, it cannot fully improve the vehicle transmission efficiency. Therefore, the control algorithm whose fuel economy can be greatly improved is designed for the power split hybrid vehicle based on instantaneous optimization (Wang, 2014a) . However, characteristics of planetary gear sets are not taken into consideration. As a result, a control strategy based on the mechanical point is designed to improve the efficiency of the whole vehicle transmission system. The ideal speed of the engine can be obtained by coordinating the change of the transmission ratio with the motor. The transmission ratio is called the mechanical point when the output power is supplied directly by the engine and no electric power. Nevertheless, the low efficiency of the engine has not been further solved on the basis of mechanical point (Kang et al., 2012; Kim et al., 2008) .
For the dual planetary gear coupling mechanism, in order to ensure the high transmission efficiency and solve the problem of low efficiency of the engine at the same time, a kind of compound power split transmission system is studied in this paper. To improve the vehicle transmission efficiency, the MP control strategy is designed based on the analysis of the transmission efficiency and electric power ratio. Furthermore, the efficiency of the engine was improved by the fuzzy strategy. Simulation results for the power split hybrid electric vehicle are evaluated and compared with the simulation results of two different control strategies suggested in this study.
Mechanical point analysis
The power coupling mechanism is shown in Fig. 1 . It consists of an engine, two motors and planetary gears. The engine is connected with front planet carrier C1 through clutch CR1 and brake CB1. The purpose of adding clutch CR1 is to reduce the effect of engine inertia and protect the engine when the vehicle is running. Motor MG1 is connected to front sun gear S1, and motor MG2 is connected to rear sun gear S2 through clutch CR2. The front planet carrier C1 is connected to rear ring gear R2, and front ring gear R1 is connected to the rear planet carrier C2. The power is output from the output shaft. In the paper, steady-state analysis of the power coupling mechanism is carried out using the lever method (Kim et al., 2010) . The equivalent lever diagram is shown in Fig. 2 . The lever distance from the engine to the output is assumed to be 1, while the lever distance from MG1 to the engine is set to be a, and the lever distance from MG2 to the output is defined as b. The lever model shown in Fig. 2 is a two degree-of-freedom system. The mechanical point can be obtained when the speed of MG1 or MG2 becomes zero . Therefore, there are two mechanical points in the power coupling system, and the vehicle efficiency range can be extended. 
where n M G1 is speed of motor 1, n M G2 is speed of motor 2, n en is engine speed, n out is output shaft speed, T en is engine torque, T M G1 is torque of motor 1, T M G2 is torque of motor 2, T out is output torque. In the hybrid drive process, defining the engine as a power source for the output work and assuming the output power of the battery to be zero, according to the power balance P M G1 = −P M G2 (Yao, 2016) 
where P M G1 and P M G2 represent power of MG1 and MG2, respectively, n M G1 and n M G2 represent efficiency of MG1 and MG2, respectively. In the simulation, it is assumed that the efficiency of MG1 and MG2 is 0.85 (Du et al. 2015; Kang et al., 2011) . Consequently, the transmission efficiency F (i), the electric power ratio E(i) and the transmission ratio i are defined as
where P out is vehicle output power, P en is engine output power, P elc is electrical output power. The characteristic parameters of the front and rear planetary gear set are selected as 1.842 and 2.48, respectively. Namely, k 1 = 1.842, k 2 = 2.48. The ratio of the speed and torque of the two motors to the engine are shown in Fig. 3 . When MG2 torque or MG1 speed is zero, the electric power is zero, and the first mechanical point i 1 is obtained. The mechanical point i 2 can be obtained when MG1 torque or MG2 speed is zero. It can be seen that the transmission ratio i will decrease with an increase in the vehicle speed if the engine speed is constant. The direction of MG1 speed is the same as the direction of the engine speed when i > i 1 . When i < i 1 , the direction of MG1 is opposite to the direction of the engine speed, and the torque of MG1 is positive when i > i 2 ; MG1 torque is negative when i < i 2 . Therefore, the power of MG1 is negative when i 1 < i < i 2 ; the power of MG1 is positive when i < i 1 and i > i 2 . Similarly, the power of MG2 is positive when i 1 < i < i 2 , and the power of MG2 is negative when i < i 1 and i > i 2 . In addition, it is apparent that the electric power of MG1 and MG2 is very large when the transimission ratio becomes too large or too small, which should be avoided.
Fig. 3. Speed ratio and torque ratio
The power flow within the power coupling mechanism is shown in Figs. 4a and 4b. The power split phenomenon occurs when i 1 < i < i 2 . The direction of the power flow is shown in Fig. 4a . A part of the engine power is transmitted to the output shaft via the mechanical path, and the rest of the engine power is transmitted through the electrical path. At this time, MG1 operates in the charging state, and MG2 is in the discharging state. The power circulation phenomenon occurs when i < i 1 and i > i 2 , and the power flow is shown in Fig. 4b . MG1 is in the discharging state and MG2 is in the charging state. The efficiency of vehicle transmission system is reduced (Zhang, 2015) . Therefore, in order to avoid the power circulation phenomenon and ensure the high transmission efficiency, MG1 should be arranged as a generator, and MG2 should be arranged as a motor. PG1 is the front planetary gear set and PG2 is the rear planetary gear set. Figure 5 shows the transmission efficiency and electric power ratio. The left vertical coordinate is the ratio of electrical power while the right one is the ratio of transmission efficiency. It can be seen that the ratio of electric power can be zero, and the battery does not do work. However, the transmission efficiency cannot be equal to zero because the vehicle demand for power and the engine output power are neither zero when the vehicle runs and the engine is involved in the operation. Transmission efficiency of the vehicle drops rapidly as the transmission ratio decreases when i < i 1 . The electrical power increases and the transmission efficiency decreases with an increase in the transmission ratio when i > i 2 . The whole vehicle transmission efficiency will be higher and the electrical power will be very low if i meets i 1 < i < i 2 . The engine power is directly transmitted to the output shaft through the mechanical path when the engine runs at the mechanical point, and the vehicle has the highest transmission efficiency. 
Working modes of the system
According to the combination of clutch status and the participation of power components, the working modes of the proposed HEV are divided into six categories, as shown in Table 1 . Figure 6a shows the equivalent lever diagram in the pure electric mode. The front carrier gear C1 is locked when CB1 is locked. The rear sun gear S2 is connected to MG2 when CR2 is engaged. The engine does not participate in the work and MG2 drives the vehicle separately. The steady-state relationship is Figure 6b shows the equivalent lever diagram in the hybrid drive mode. CR1 is engaged in this mode, the engine and two motors output power to the wheels. The engine speed is coordinated by MG1, and MG2 acts as output torque compensation. The steady-state relation is shown as Figure 7a shows the equivalent lever diagram in the regenerative braking mode. CR2 and CB1 are engaged and the rear sun gear is connected to MG2. In this mode, the braking energy is regenerated by MG2 and stored in the battery. It is an effective way to realize energy conservation and decrease emission of the HEV. The steady-state relation is Figure 7b shows the equivalent lever diagram in the charging standstill mode. The engine outputs power to drive MG1 when CR1 is engaged. In this way, the battery SOC is maintained at the appropriate range. This is very beneficial to ensure a long battery life and improve fuel economy. The steady-state relation is 
Control strategy
The control strategy is divided into two parts: mode recognition and torque distribution. In this paper, the rule-based control strategy, which has good robustness and real-time performance, is designed (Zhao and Ma, 2014) . In the mode recognition module, the operation modes of the HEV are decided according to the predefined thresholds, and the vehicle will switch to another mode if the vehicle state variable satisfies the switching condition. In the torque distribution module, the OOL control strategy and the MP control strategy are adopted respectively. Table 2 gives the control rules of the vehicle. In Table 2 , P req is vehicle demand power, P emin is minimum engine start power, V r is actual speed, V th ev is pure electric speed, V th cr is cruising speed, V th br is regenerative brake start speed, SOC is charge state of battery, SOC min is SOC lower limit, SOC max is SOC upper limit, t cl is taken from the last time the engine was closed.
The OOL control strategy
The engine can run on the optimal operating line under the OOL control strategy, which ensures a high efficiency of the engine. The optimal operating line of the engine is made up of the optimal working points. Firstly, taking n power points evenly and drawing the corresponding power line in the maximum and minimum power range of the engine, the engine equal power line should be limited within the engine speed range. Furthermore, the engine efficiency of each working point is calculated on the engine equivalent power line. The most efficient points of the engine at those points are selected as the optimal working points. (Yu et al., 2007) . The optimal operating line of the engine is shown in Fig. 8 . Firstly, the engine speed can be obtained by looking up the table according to the demand power and adjusted by MG1. The engine torque is obtained from the engine optimal operating line. Then the power of MG1 and MG2 are obtained according to the steady-state relationships and a series of external characteristics constraints. The power flow is shown in Fig. 9. 
The MP control strategy
The MP control strategy, from the angle of the optimal transmission efficiency, takes the characteristics of the planetary gear sets into account. The engine speed control strategy based on optimal transmission efficiency is adopted. When the vehicle runs in the pure electric mode and the regenerative braking mode, the engine does not participate in the work, and the motor is involved in the driving and braking modes. In order to simplify the control of the engine, the engine is fixed at a working point that the fuel consumption is smaller on the OOL when the vehicle runs in the charging standstill mode. As aforementioned, there is a mechanical point when the torque or speed of one of the motors is zero, where the vehicle can operate with the highest transmission efficiency. Therefore, the engine speed is regulated by MG1 to run at the machanical point when the vehicle runs in the hybrid drive mode. The principle of speed control is shown in Fig. 10 . It is set to be 1.1. In addition, in order to solve the problem of low efficiency of the engine when it runs on the mechanical point. The torque distribution strategy based on a fuzzy algorithm is used to optimize the distribution of the engine and the motors torque. The torque optimization principles are shown in Fig. 11 . According to the design target of the fuzzy controller and the working efficiency of the engine, q and r are defined as input variables. q is defined as the ratio of the demanded torque to the optimal torque at the current engine speed. r is defined as the ratio of the current battery SOC to the SOC initial value. The output variable is the engine torque coefficient k. Domain transformation of the parameters can be realized by converting the actual physical value of the input and output variables into a proportional value (Yin et al. 2006; Langlois, 2010) . The linguistic terms are expressed in fuzzy sets. Such as the variable q, this variable is represented by the linguistic terms VS (very small), S (small), M (middle), B (big), VB (very big). q is divided into five fuzzy subsets, namely {VS, S, M, B, VB}, and the domain is [0, 1.4] . Similarly, r is also divided into five fuzzy subsets, namely {VS, S, M, B, VB}, and its domain is [0, 1.2]. The engine torque coefficient k is defined as the output variable which is divided into {VS, S, M, B, VB}, and the domain is [0, 1.4]. Table 3 . Fuzzy control rules
The fuzzy sets need to be combined using the logical connectives "OR", "AND" and "NOT" to handle the fuzzy rules. Finally, the fuzzy controller is designed by the fuzzy sets and the fuzzy set operators. This is established based on the following points mainly: The engine runs near the reference torque and MG2 is used for the auxiliary drive when the SOC is high and the demanded torque is large. When the SOC value is low and the demanded torque is low or moderate, the engine is adjusted to meet the vehicle demanded torque, and the rest power of the engine drives MG1 to charge the battery. The engine output torque remains the same when the SOC value is moderate and the demanded torque is moderate. The fuzzy control rules are shown in Table 3 .
Simulation
In order to verify the effect of two control strategies, the hybrid electric vehicle model is built in AVL/Cruise and two control strategies are constructed in MATLAB/Simulink software, and the co-simulation platform is finally established through MATLAB DLL interface. The vehicle is tested under multiple operating conditions. The parameters of the main components are shown in Table 4 . Simulation results under the NEDC condition are shown in Figs. 12-14. From Fig. 12a and Fig. 15f , it can be seen that the speed under the MP control strategy and OOL control strategy can well follow the target speed in urban and high speed conditions, and the error is within the acceptable range. The working modes are approximately the same under the two control strategies in the NEDC condition because of the predefined mode decision rules and thresholds. However, the engine starting moment under the OOL control strategy is about 17s earlier than the MP control strategy in the vicinity of 1020 s. Figure 12b shows the change line of the battery SOC under two control strategies. The battery SOC decreases 0.07 under the MP control strategy, and decreases 0.08 under the OOL control strategy. However, the battery SOC varies greatly between 800 s and 1150 s under the OOL strategy, the main reason is that the output power of the motors is large and the battery power is rapidly consumed. However, the engine runs at the mechanical point in the MP strategy, which reduces the output power of the battery and makes the battery SOC fluctuate slightly. Figure 12e shows varying curves of the transmission ratio under the OOL and MP control strategies, and the difference between the two strategies can be better demonstrated between 800s and 1126 s. The transmission ratio is obviously smaller than i 1 between 800 s and 1075 s and obviously greater than i 1 from 1090 s to 1126 s. However, the engine always runs at the mechanical point during the MP control strategy, which ensures the highest transmission efficiency. In one can see that Fig. 12c MG1 outputs the power from positive to negative in the OOL control strategy, which reduces the fuel economy of the vehicle because of the power circulation phenomenon, and it is also one of the reasons for the rapid decline of the battery SOC. However, the power circulation is avoided because the power of MG1 is almost zero between 970 s and 1126 s under the MP control strategy, which ensures a higher transmission efficiency of the vehicle. From Fig. 12d and Fig. 12g , the output power of MG2 and the torque of engine in the MP strategy is significantly less than that in the OOL control strategy between 970 s and 1126 s. Therefore, vehicle output power under the MP control strategy is relatively smaller and the transmission efficiency of the whole vehicle is improved effectively. Fig. 12 . Simulation comparisons Figure 13 indicates the engine operating point under the OOL and MP control strategies. The engine always runs around the optimal operating line under the OOL strategy. The vehicle transmission efficiency is not high even though the engine operation points are located in the region with a lower fuel consumption rate under the OOL strategy. In the MP control strategy, the energy conversion loss is reduced, and the transmission efficiency is improved by changing the speed ratio and improving the engine torque with the fuzzy torque distribution method. Table 5 shows the comparison of energy loss of various components under two control strategies. The total input energy of the engine and the battery is defined as 100%. As can be seen from the table, the total input energy is about 13066.7 KJ under the MP control strategy, which is reduced by 1390 KJ compared with the OOL control strategy. It is mainly because that the MP strategy ensures the high transmission efficiency of the system. It is obvious that the proportion of the engine loss is the largest of all the components. Engine losses consume 8652.4 KJ Simulation results demonstrate that the MP control strategy reduces fuel consumption by 10.9% and 9.46% compared with the OOL control strategy under the NEDC and UDDS conditions, respectively. The fuel economy is improved obviously.
Conclusion
Aiming at a power split hybrid electric vehicle with dual planetary gear sets, the system operation characteristics are analyzed using the lever analogy, and MG1 and MG2 are properly arranged. The relationship between the transmission efficiency and electric power ratio are analyzed, which provides a basis for the design of the control strategies.
The working modes of vehicles are divided, and steady speed and torque relations with the proposed power split system in several modes are analyzed theoretically. On this basis, the MP strategy is designed, where the engine speed control takes the mechanical point into consideration and the torque optimization of the engine is realized by a fuzzy controller. The HEV model is built based on AVL/Cruise software, the MP control strategy is built by the MATLAB/Simulink software. A co-simulation platform is established to conduct simulation studies.
The designed two control strategies are verified respectively. Simulation results show that two control strategies can both meet the expected targets. Compared with the OOL control strategy, the MP control strategy can reduce fuel consumption with a smaller fluctuation of the battery SOC, ensuring a high efficiency of the transmission system, and improving fuel economy of the proposed HEV.
